The plasmid profiles, and their association with antimicrobial resistance, of 60 strains of Aeromonas hydrophila isolated from fish, shellfish and water were investigated. Only two strains were susceptible to all the antimicrobial agents tested ; the highest incidences of resistance were to tetracycline (93.7%), prystanamycin (93.379, ampicillin (9 1 -7%) and cephalothin (91.7%). Forty strains harboured one or more plasmids and the plasmid profile most frequently detected (15%) was the association of three small plasmids of 4-2, 3.2 and 2.8 Mda. Curing experiments indicated that the plasmid-free derivative strains simultaneously lost their resistance determinants to tobramycin, neomycin, gentamicin and kanamycin. More than 90% of the strains tested produced siderophores and displayed haemolytic activity. However, the relationship between these virulence characters and the presence of plasmids was different; in 74.5% of the strains there was siderophore production and plasmids were detectable, whereas only 60% of the strains simultaneously possessed plasmids and haemolytic activity.
Introduction
Aeromonas hydrophila causes several diseases among poecilotherms and warm blood animals, including haemorrhagic septicaemia, red sore, gastroenteritis and endocarditis. l4 In recent years, the increased development of the aquaculture of fish and shellfish has exacerbated the problems of infections of these animals caused by different pathogenic micro-organisms. In addition, the extensive use of chemotherapeutic agents in fish farms, as feed additives or administered into the water to prevent and treat fish diseases, has resulted in an increase of drug-resistant bacteria. ' Several bacterial phenotypic properties, such as antimicrobial resistance or virulence factors, have been demonstrated to be plasmid encoded. The presence of plasmids in these potentially pathogenic micro-organisms may present a potential public health hazard, because they may be transferred from animals to man either directly of indire~tly.~?
Several reports have shown that the presence of plasmids in clinically important bacteria increases their virulence. Various virulence factors of Vibrio and Aeromonas spp. have been characterised, including extracellular products and protein molecules of the cell envelope.''-l4 One of the most important factors involved in the virulence of the pathogenic strains is the possession of an efficient iron-sequestering system mediated by sider~phores,"~ l 6 which allows the bacteria to grow in the iron-limiting conditions imposed by the high-affinity iron-binding proteins present in organic fluids.g. 6r l 7 In this study the antimocrobial resistance, the presence of haemolytic activity and the production of diffusible siderophores by A . hydrophila strains isolated from water and animals (shellfish and fish) were examined and the relationships between these virulence factors and the plasmid profiles of the strains were identified.
Materials and methods

Bacterial strains and culture conditions
Sixty strains of A . hydrophiza isolated from animals (shellfish and fish) and water (freshwater and seawater) samples were used in this study. Stock cultures were maintained frozen at -20°C in Glycerol 15% v/v Tryptic Soy Broth (TSB; Difco) and, before electrophoretic analysis, were grown in Brain-Heart Infusion Broth (BHIB; Difco) incubated at 28°C for 24-36 h.
Antimicrobial susceptibility
Resistance of the isolates to antimicrobial agents was determined by a disk diffusion method on Mueller-Hinton Agar (MHA; BioMerieux), with disks containing (pg) : amikacin 30, ampicillin 10, carbenicillin 100, 
Plasmid detection by agarose gel electrophoresis
Plasmid DNA was isolated from small volumes (3-4 ml) of bacterial cultures, by the method of Kado and Lid8 with several modifications. l 9 Briefly, cultures in exponential growth phase were centrifuged for 3 min at 12 000 g. Cell pellets were resuspended in 50 pl of lysis solution (SDS 3% in 50 mM Tris, pH 12.4) and incubated at 55-60°C for 45 min, after which the plasmid DNA was extracted with an equal volume of phenol-chloroform solution (1 : 1, v : v). The emulsion was separated by centrifugation for 10 min at 12 000 g. The aqueous phase was removed and mixed with tracking dye solution (bromocresol purple 0.25%glycerol 50% in Tris-acetate buffer). DNA samples (20 pl) were separated by horizontal electrophoresis in an agarose 0.7% gel (type I; Sigma) in Tris-acetate buffer (40 mM Tris, 2 mM sodium acetate adjusted to pH 7.9 with glacial acetic acid) at 150 V, 110 mA for 5 h. The gels were stained in ethidium bromide solution 0.5 pg/ml, and photographed through a UV transilluminator with Plus X-Pan film and 23A Wratten filter.
Reference plasmids from Escherichia coli V5 17 (35.8-1.4 Mda) and E. coli R40a (96 Mda) were included as markers in the agarose gel electrophoresis.
Haemolytic activity
/I-Haemolytic isolates were identified on blood agar-Blood Agar Base (BAB; Difco) and washed sheep erythrocytes 5%. Haemolysin production was recorded as clearance of the medium around the growth after 24 h at 25°C.
Growth under iron-limiting conditions and production of siderophores
A . hydrophila strains were cultured in M9 minimal medium2' supplemented with Casamino Acids (Difco) 0.2% wlv. The iron chelator ethylenediamine-di-(0hydroxyphenyl acetic acid) (EDDA) was added at a concentration of 1 0 p~ to achieve the iron limited conditions.
The production of siderophore compounds by the strains was tested on blue agar plates as described by Schwyn and Neilands.2' The method is based on the fact that the dye chrome-azurol S (Sigma), incorporated in the medium, can form stable complexes with iron. Therefore, when a strain produces a diffusible siderophore (which removes the iron from the com-plex) the colour turns to yellow-orange around the colony after 24-48 h at 25°C.
Curing experiments
Curing experiments with acridine orange (Sigma), were done by a modification of the techniques described by Winkler et a1. 22 Cells were grown in BHIB for 24 h, and 2 ml samples were added to 1 ml of fresh broth and incubated for 3 h at 26°C. Then, 1 ml of a solution of Acridine Orange (Sigma) 20 pg/ ml was added, and the culture was centrifuged at 3500g for 20 min. The supernate was removed and 2ml of fresh BHIB was added to the pellet and incubated at 26°C for 2-6 h. After this time, the strains were tested for loss of drug resistance, siderophore and haemolytic activities, and plasmid content.
Results
Antimicrobial susceptibility of A . hydrophila strains
Sixty strains of A . hydrophila from animals (shellfish and fish), freshwater and seawater sources were examined for resistance to 18 antimicrobial substances. The overall percentage of drug-resistance (table I) indicated that >90% of the strains were resistant to ampicillin (91,779, cephalothin (91 -773, tetracycline (96.7%) and prystanamycin (93.374, whereas <lo% were resistant for amikacin (OX), gentamicin (3.3%), neomycin (5%) and polymyxin B
Although the proportion of all strains that were resistant was quite similar, some differences was found according to the source of isolation (table I) . Indeed, resistance to gentamicin was detected only amongst strains isolated from seawater. Similarly, higher percentages of resistance to carbenicillin, chloramphenicol, co-trimoxazole and nalidixic acid were obtained with strains isolated from water compared with those from strains of animal origin. For streptomycin, tobramycin, and kanamycin, the percentages of resistance obtained for the freshwater strains were significantly lower (p < 0.01) than for the other strains.
Plasmid content of the A . hydrophila isolates
Forty A . hydrophila strains (66.7% of total) harboured one or more plasmids; 27 of them contained more than one plasmid. Small plasmids (1.1-19 Mda) were detected in 17 strains, and larger plasmids of 1 2 0 Mda were detected in 13 strains. Ten strains harboured plasmids both of low and high mol. wt.
The number and mol. wt. of the plasmid bands detected in A . hydrophila strains are given in table 11. The number of plasmid bands differed and depended on the source. From the freshwater environment strains with one, two, three, five and eight plasmids were detected; the highest number of plasmid bands found in the strains from the other two sources was four. The mol. wt of the plasmids detected in freshwater strains varied between 1-1 and 123 Mda, although the small plasmids were more frequent (64.7%). For the strains isolated from seawater and marine animals, the plasmid profiles were very similar; eight strains carried only large plasmids, 10 strains possessed only small plasmids and five strains carried both small and large plasmids. The plasmid profile most frequently detected was the association of three small plasmids of 4.2,3-2 and 2.8 Mda (1 5%).
Relationship between the presence of plasmids and antimicrobial resistance
To establish the relationship between plasmids and antimicrobial resistance, the strains were divided into four groups according to their plasmid content: (1) plasmid-free strains ; (2) strains that harboured only small plasmids; (3) strains that carried only large plasmids; and (4) strains with both small and large plasmids. The numbers of strains that were resistant to chemotherapeutic agents in each group are shown in table 111. Regardless of the presence of plasmids, a high percentage of A . hydrophila strains were resistant to ampicillin, cephalothin, tetracycline and prystanamycin, which indicates that resistance to these antibiotics is chromosomal. However, the presence of plasmids in these strains seemed to increase their antimicrobial resistance. All the strains that were resistant to polymyxin B were characterised by the absence of plasmids, demonstrating that this resistance may not be plasmid-encoded.
Resistance to gentamicin, kanamycin, neomycin and tobramycin must be mediated by plasmids in most of the isolates, because these resistance determinants were not detected in plasmid-free strains. Whereas resistance to kanamycin and tobramycin was found in strains with small and large plasmids, resistance to neomycin and gentamicin seemed to be mediated by large and small-plasmids, respectively. The number of strains resistant to nalidixic acid, co-trimoxazole, carbenicillin, nitrofurantoin and chloramphenicol and also possessing small plasmids, was significantly higher (p < 0.1) than the number of strains belonging to other groups.
Siderophore production and haemolytic activity
The ability of the A . hydrophila strains to grow in iron-limited conditions and their haemolytic activity were tested to verify their role as putative virulence factors and to demonstrate their relationship with plasmid carriage. More than 75% of the strains tested gave an orange halo of 6-8 mm after incubation for 48 h, and < 10% of the strains did not produce siderophore activity (table IV) . Similarly, most of the strains (> 90%) were haemolytic. A higher number of isolates showing both siderophore and haemolytic activities were from seawater and animals than were from freshwater (23.3% and 11 -7% vs 6.7%, respectively).
The relationship between siderophore production and plasmid content was consistent; > 74% of strains with siderophore activity possessed plasmids, although the percentage varied with the source (c. 85% of freshwater strains and 68% from seawater). The proportion of strains that were haemolytic and harboured plasmids was c. 60% (table IV) .
Curing experiments
All the derivative isolates from acridine orange treatment were tested for plasmid content and antimicrobial resistance. The percentages of strains with antimicrobial resistance after curing are shown in table I. A . hydrophila strains isolated from the three environments carried resistance genes which are presumed to be located in the bacterial chromosome for ampicillin, cephalothin, tetracycline, carbenicillin, prystanamycin and nitrofurantoin. In contrast, the cured, plasmid-free strains lost, simultaneously, their resistance to tobramycin, neomycin, gentamicin and kanamycin (table 11) . Resistance to nalidixic acid, streptomycin, co-trimoxazole, sulphadiazine, chloramphenicol and colistin appeared to be linked to chromosomal and plasmid genes (table 11). Whereas a high percentage (61.3%) of strains lost their siderophore activity after curing, all the plasmid-free derivative isolates were haemolytic.
Discussion
The results showed that environmental and pathogenic A . hydrophiza strains were naturally resistant to 17 (28.3) 21 (35-0) 7 (1 1.7) 45 (75)  Plasmids and siderophore  17 (85.0) 17 (68.0) 7 (70.0) 41 (74.5)  Haemolysis  19 (82.6) 26 (96.3) 10 (100) 55 (91.7)  Plasmids and haemolysis  14 (60.9) 15 (55.6) 7 (70) 36 (60)  Siderophores and haemolysis  4 (6.7)  14 (23.3) 7 ( 1 1.7) 25 (41.7 (50.0) 6 (85-7) 17 (68-0) ampicillin, cephalothin, tetracycline and prystanamycin, and susceptible to amikacin. These results are in agreement with those of other a~t h o r s~~~~-~~ for ampicillin and cephalothin. However, Hayashi et al. 27 and Hedges et aL2' suggested that the resistance of A. hydrophiza strains to tetracycline was linked to several plasmids. In this study plasmids of 1. To establish the role of the plasmids on the antimicrobial resistance of A. hydrophila, curing experiments with acridine orange were performed. The results indicated that the plasmid-free strains did not change in their antimicrobial resistance profiles (before and after curing) which indicates that the resistance determinants were not plasmid-borne and that the curing agent did not affect the chromosomal genes. However, it should be noted that, in some cases, nalidixic acid resistance determinants were lost during curing experiments. Nalidixic acid resistance has not previously been identified to be carried on a plasmid. These results suggest, but do not prove, that nalidixic acid resistance may be plasmid-borne in this species. In this study single or combined resistance to tobramycin, kanamycin, neomycin and gentamicin was always linked to plasmids and never appeared in plasmid-free strains. This finding is supported by the curing experiments in which loss of plasmids was accompanied by loss of resistance to these drugs. Similar results were obtained by Overman et aL2' and Daily et al. 29 The relationship between the presence of plasmids and some pathogenic characters, such as enterotoxigenicity, haemolysin production or presence of surface antigens, have been studied mainly in the Enterobac- the results obtained in this study, we conclude that there is a close relationship between the presence of plasmids and siderophore production, because > 70% of the siderophore producing strains also possessed plasmids. This conclusion is supported by the curing experiments in which the plasmid-free derivatives lost the ability to grow in iron-limiting conditions. These findings are similar to those reported for Vibrio ang~illarum.~~ 1 5 9 3 5 However, c. 30% of the strains examined retained the iron-sequestering system after loss of plasmids. These results indicate that the genes coding for this system in A. hydrophila are located on both plasmid and chromosome. Similar conclusions were obtained by Valvano et al. 36 who studied the aerobactin iron transport system in human invasive strains of E. coli K1, and by Lemos et al.I7 in the anguibactin-mediated system of V. anguillarum.
The correlation between the virulence of A. hydrophila for fish, or its enterotoxigenicity, with the production of haemolysins, enterotoxins and cytotoxins is variable and contradictory. 3 7 9 38 In the present study, haemolytic activity was more prevalent in strains isolated from animals (100%) than in those from water (c. 80%). This property seems to be chromosome-encoded because plasmid-free strains maintained the haemolytic activity. The role of haemolysins in the pathogenicity of A. hydrophila is difficult to establish. In our opinion, the haemolysins could increase the availability of iron for the microorganisms by erythrocyte lysis. 
